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ABSTRACT: Microbial fouling of a municipal water treatment system

using reverse osmosis was investigated. From a combination of growth and

molecular assays, it was discovered that the prefilter unit concentrated and

facilitated microbial growth, and such growth led to microbial fouling of the

reverse osmosis unit. Few cells were observed in the prefilter influent, but

substantial microbial contamination was observed in the prefilter effluent,

and this correlated with increasing headloss across the prefilter. The effluent

caused microbial fouling of the leading elements of the reverse osmosis unit,

as determined by reduced permeate flow, analysis of the elements, and

assays of the membrane foulant. Both the introduction of microorganisms

to the reverse osmosis unit from the prefilter unit and headloss across the

prefilter could be effectively controlled through cleansing of the prefilter

housing unit with sulfuric acid. Such treatments must be performed at

appropriate intervals to prevent subsequent microbial growth in the prefilter

unit. Water Environ. Res., 80, 703 (2008).

KEYWORDS: reverse osmosis, microbial fouling, filtration.

doi:10.2175/106143008X276697

Introduction
To meet increasing demands for potable water from a variety of

sources, reverse osmosis and nanofiltration are being used more

extensively throughout the world, including for desalination of

seawater and reclamation of wastewater (Bartels et al., 2005).

Although many of these systems are quite large, including a plant

capable of producing 375 000 m3/d in Kuwait (Water Technology

Net, 2008), reverse osmosis has also been used by municipalities for

production of drinking water without the need of more traditional

lime softening. One example of this is the decision by a small mu-

nicipality in the northeast United States, with a population of 5000,

to put into operation a reverse osmosis system for the delivery of up

to 4000 m3/d of finished water. The water plant was part of the need

to provide expanded water capacity, but the reverse osmosis treat-

ment was added as a result of the high hardness in the well water

used as the water supply (approximately 500 mg/L [500 ppm]).

Problems were experienced with fouling of the reverse osmosis

membranes since the beginning of plant operation, resulting in a

lack of ability to supply an adequate supply of softened water to the

drinking water system. The complete set of reverse osmosis mem-

branes was replaced twice in approximately the first 2 years of

operation, as a result of the inability to clean the membranes suf-

ficiently to restore adequate permeate production.

Here, the source for the fouling of the reverse osmosis mem-

branes is identified, and operational modifications to achieve better

and more consistent performance are suggested. From a variety of

analyses, for this municipal treatment system, microbial fouling was

likely responsible for the impaired performance, and inclusion of

simple disinfection procedures may limit the future effect of such

fouling.

Materials and Methods
Sample Collection. A schematic of the reverse osmosis

treatment facility examined is shown in Figure 1. There are two

independent treatment trains of this type. As noted in Figure 1,

initial water samples were aseptically collected in early August

2006, from various locations within the water treatment system,

noted by S-1 to S-5, from the unit that was in operation. These

included samples from the well source (S-1) and the pipeline that

connects the reservoir receiving the outflow from the greensand

filters and the reverse osmosis units (S-2). This pipeline contains

a set of 5-lm prefilters located just upstream of the reverse osmosis

unit; the above-mentioned samples were collected upstream from

these prefilters. Additional samples were collected between the

prefilters and the reverse osmosis system (S-3), the permeate flow of

the reverse osmosis unit (S-4), and the effluent concentrate from the

reject water from the treatment process (S-5). All samples were

stored on ice before spreading in nutrient agar for cell enumeration.

Additional water samples were collected from August to October

2007, immediately upstream and downstream of the prefilters (S-2

and S-3 in Figure 1), as described above. Furthermore, immediately

before and after disinfection with sulfuric acid (H2SO4) (see below),

samples of biofilms forming on the interior of the prefilter housing

units were aseptically collected using sterile cotton swabs. The

swabs were then placed in 3 mL of Luria-Bertani medium and

incubated at 308C overnight. Microbial growth was monitored by

measuring the optical density at 600 nm (OD600) using a 20

GENESYS Spectrophotometer (Spectronic Unicam, Rochester,

New York).
Headloss Measurements. Water pressure in the influent and ef-

fluent lines of the prefilter was recorded on a daily basis, to deter-

mine headloss across the prefilter.
Enumeration and Characterization of Microbial

Contamination. Bacteria were enumerated by spreading 100 lL

of inoculum from the various points noted in Figure 1 on sterile

Petri dishes filled with sterile nutrient agar (Oxoid Ltd., Hampshire,

United Kingdom). Plates were then incubated for 3 days at 308C,

and colony-forming units (CFUs) were counted. Sample colonies

were subsequently tooth-picked from the dishes and grown over-

night in 2 mL of sterile Luria-Bertani medium (Sambrook et al.,

1989). These cultures were then centrifuged at approximately
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18 000 3 g for 2 minutes. The pellet was resuspended in 400 lL

buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 100 mg/L RNAse

A). Approximately 400 mg of silica beads (0.1-mm diameter) were

added, and the slurry was vortexed for 5 minutes. The slurry was

then centrifuged at approximately 18 000 3 g for 1 minute. The

supernatant was then stored as crude DNA extract.

Polymerase chain reaction (PCR) was performed with Invitrogen

Taq Polymerase, according to the manufacturer’s instructions

(Invitrogen Corporation, Carlsbad, California). The temperature

profile was as follows: initial denaturation 5 948C for 3.5 minutes,

30 cycles of 948C for 30 seconds, 558C for 30 seconds, and 728C

for 1 minute, followed by polishing at 728C for 7 minutes. Approx-

imately 1 lL of crude extract was used for the template, and the

primers were 16S_27f (AGAGTTTGATCMTGGCTCAG) and

16S_1492r (TACGGYTACCTTGTTACGACTT), where M 5 C

or A and Y 5 T or C. After PCR, the reaction was cleaned with the

Qiagen PCR purification kit (Qiagen, Valencia, California) and

the eluant was sent directly for sequencing at The University of

Michigan DNA Sequencing Core (Ann Arbor, Michigan) with

16S_27f and 16S_1492r as sequencing primers. The DNA se-

quences were analyzed by a nucleotide–nucleotide BLAST search

against the nr database (http://www.ncbi.nlm.nih.gov/blast). When

more than 75% of the top 20 hits for a sequence matched a par-

ticular genus, that genus was assigned to the sample.
Disinfection of Prefilter Housing. Following up on the initial

sampling activity in 2006, additional sampling was performed

starting in early August 2007. This effort was intended to isolate

the source of the microbial fouling, with early phases of this

investigation indicating the stainless-steel prefilter housings as

a likely source. To remove any microbial contamination (i.e.,

biofilms) that may have developed over time in the prefilter housing

leading to microbial fouling of both the reverse osmosis elements

and prefilters, the entire water treatment system was taken offline

on September 13, 2007. The prefilter unit was then filled with 60%

(v/v) H2SO4, driving the pH to 0.5, and incubated for 1 hour.

Samples of the inflow and outflow to the prefilters and swabs of the

interior of the prefilter housing were taken, both before and after this

disinfection step.
Reverse Osmosis Membrane Analyses. Two reverse osmosis

elements were sent to Avista Technologies (San Marcos, California)

for fouling analyses in October 2006. One element was taken from

stage 1 of the reverse osmosis system, while the other was taken

from stage 3 (Figure 1). Both elements were visually inspected,

permeate flow was measured, and Fourier transform infrared (FTIR)

analysis of the elements and loss-on-ignition assays of the foulant

were performed.

Results
As shown in Table 1, which presents the results of samples

collected in August 2006, a clear and specific distribution of

microorganisms was found. The raw well water was found to have

no measurable microbial contamination (or, at the very least, no

general heterotrophs, because no growth on nutrient agar was

observed). Furthermore, no measurable microbial contamination

was observed in the effluent of the greensand filter used for iron

removal. However, a substantial number of microorganisms was

observed downstream of the 5-lm prefilter at a level of 117 CFU/

100 lL. The dramatic increase indicated that the raw water had

a very low, but significant, amount of microorganisms and that the

prefilter facilitated the concentration and possibly the growth of

these cells. Subsequently, breakthrough of these cells was evident

from the large numbers of cells in the prefilter effluent. Finally, the

reverse osmosis units facilitated the removal of these cells, with the

reverse osmosis concentrate having a substantially higher cell

density than the reverse osmosis permeate. It is interesting to note,

however, that the reverse osmosis permeate also had a measurable

microbial content (11 CFU/100 lL), possibly indicating that the

reverse osmosis membrane integrity was compromised; another

possibility is that the two reverse osmosis units were used on an

alternating basis, potentially allowing for microbial growth in the

stagnant unit not in use.

Figure 1—Schematic of the reverse osmosis treatment facility examined in this study. Locations of aseptically collected
water samples are noted as S-1 through S-5 (TDS 5 total dissolved solids).
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To characterize the phylogeny of these cells, 16s rDNA sequence

analyses were performed on different colony morphologies

observed on the nutrient agar plates, from samples taken directly

from a used 5-lm prefilter cartridge. From these studies, four

different genera of bacteria could be detected—Chryseobacterium,

Ralstonia, Microbacterium; and Pseudomonas. Sequence analyses

were also performed on samples from the prefilter effluent and

reverse osmosis permeate, with Microbacterium and Pseudomonas
also found in these samples.

The Chryseobacterium colonies were medium, yellow, round,

smooth, flat, and wet. This genus is a member of the Flavobacter-
iaceae family. There are currently 13 species of Chryseobacterium,

and the type species is Chryseobacterium gleum (Tai et al., 2006).

Other species in this genus are Gram-negative nonmotile, non-

spore-forming rods. (Kampfer et al., 2003; Tai et al., 2006).

Ralstonia colonies that were medium, white, round, smooth,

convex, and wet were also isolated. The most well-studied species

of the Ralstonia genus is Ralstonia solanacearum, a plant pathogen

that causes wilting disease in over 200 plant varieties. The pathogen

is especially well-studied, because it affects some important food

crops, such as potatoes and tomatoes (Genin and Boucher, 2004).

Ralstonia are Gram-negative rods. Additionally, they are non-

fermentative and can be motile (Ryan et al., 2006). The Micro-
bacterium colonies that were isolated are orange, round, flat, and

wet, with small lobes. Microbacterium are coryneform bacteria,

Gram-positive, non-spore-forming aerobic rods, commonly found

in both environmental and clinical samples (Funke et al., 1997).

Following confirmation of significant microbial populations

within the treatment train, it was decided to perform additional

autopsies on the reverse osmosis membrane elements, to confirm

the presence of microbial mass in the foulant on the membrane

surfaces. With the knowledge that biofouling was a distinct proba-

bility, two membrane elements were removed. One of these ele-

ments was the leading element in the first stage of the reverse

osmosis system, while the second element was one of the last ele-

ments in the third stage (Figure 1). The rationale behind this

approach was the expectation to find microbiological growth con-

centrated near the upstream end of the membrane train; thus, there

should be a significant difference between the two elements.

From the reverse osmosis element autopsy performed by Avista

Technologies, it was observed that the leading element taken from

stage 1 showed significant visible orange-colored foulant, while the

tailing element from stage 3 showed no visible fouling. Further-

more, the leading element had a permeate flow of approximately

38 m3/d (7 gpm) and 93% salt rejection, with approximately 76-kPa

(11-psi) pressure differential. The tailing element had a flowrate of

approximately 39 m3/d (7.2 gpm) and 97% salt rejection, with

approximately 28-kPa (4.0-psi) pressure differential. For compar-

ison, normal parameters for these elements are approximately

40 m3/d (7.3 gpm) flowrate and 99% salt rejection, with differential

pressures ranging from approximately 21 to 34 kPa (3 to 5 psi).

From these data, it appears that fouling is localized to the leading

elements. When loss-on-ignition tests were performed, approxi-

mately 82% of the foulant was lost in the leading element upon

ignition, indicating that the foulant was primarily organic in nature.

Insufficient foulant was present on the tailing element to perform

a loss-on-ignition test. Finally, FTIR analyses showed significant

amounts of proteins and carbohydrates in the leading element, while

only small amounts were observed in the tailing element (data

not shown). Collectively, these data, coupled with the findings of

microbial contamination prevalent just upstream of the reverse

osmosis elements, suggest that microbial fouling was the primary

cause for impaired performance of these elements, particularly the

leading elements.

To confirm the finding that microbial contamination increased

across the prefilter subunit and support the hypothesis that microbial

growth in the prefilter was the source of microbial fouling of the

reverse osmosis elements, additional samples were collected from

August to October 2007, immediately upstream and downstream of

the prefilter. During this time period, significant headloss across the

prefilter (i.e., 103 to 276 kPa [15 to 40 psi]), was observed within 10

days following prefilter cartridge installation, necessitating frequent

replacement of the prefilters (i.e., on September 4 and 13, 2007, as

indicated in Figure 2). Such headloss may be attributed, at least in

part, to microbial growth within the prefilter unit housing. To test

the hypothesis of microbial contamination within the prefilter unit

(i.e., biofilm formation on the prefilter housing), swabs of the

interior walls of the prefilter housing unit were collected before and

after the unit was disinfected with H2SO4 on September 13, 2007.

Significant microbial growth was observed from swabs of the

prefilter housing. Specifically, before the unit was disinfected with

H2SO4, visible microbial growth (i.e., OD600 of 0.80) was observed

after 1 day of growth in Luria-Bertani broth. Immediately after acid

treatment, no microbial growth was observed from swabs of the

Table 1—Distribution of microbial contamination in the
municipal water treatment plant in August 2006.

Sample location Location description CFU/100 lL

S-1 Raw well water 0

S-2 After green sand filter, before

5-lm prefilter 0

S-3 After 5-lm prefilter, before

reverse osmosis system 117

S-4 Permeate from reverse

osmosis system 11

S-5 Reverse osmosis concentrate

(sent to wastewater system) 465

Figure 2—Analyses of the presence of microorganisms in
the influent (s) and effluent (n) of the prefilter unit and
headloss (3) across the unit during late summer 2007.
Arrows indicate dates of prefilter cartridge replacement
(September 4 and 13 and October 13 and 22, 2007).
Asterisk indicates disinfection of prefilter housing with
sulfuric acid (September 13, 2007).
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prefilter housing unit. Also, as can be seen in Figure 2, significant

numbers of microorganisms in the prefilter effluent were observed

before disinfection, despite very little contamination observed in the

prefilter influent line. Immediately after disinfection, microbial

contamination was reduced to near-zero levels. However, the

concentration of microorganisms was observed to slowly increase

over time in the effluent, with a concurrent increase in headloss.

Unacceptable headloss (i.e., .103 kPa [.15 psi]) was not observed

for 1 month, whereas headloss as great as approximately 283 kPa

(41 psi) was seen within 10 days immediately before disinfection.

It is also interesting to note that, despite large numbers of cells in

the prefilter effluent, the unit itself was not disinfected when the

prefilter cartridges were replaced on October 13, 2007. Subsequent

measurements indicated a rapid rate of headloss increase across the

prefilter, with the cartridges needing replacement after 9 days, when

the headloss was found to be approximately 152 kPa (22 psi).

Discussion
During the initial phase of plant startup, the performance of the

system was inadequate, with the reverse osmosis elements being

completely replaced twice within the first 2 years of operation.

Upon failure of the second set of membranes, two of the membrane

elements were autopsied, in an attempt to identify the source of the

fouling. Both elements indicated a reduction in flow through the

membrane elements, to approximately 59 to 67% of specifications.

One membrane element was investigated by phase contrast

microscopy, and it was estimated that 60% of the foulant on the

membrane surface was composed of microbiological growth. A

loss-on-ignition test was performed on the second membrane

element, with a resulting 64% mass loss of the foulant. Despite

these findings, it was suggested that the primary cause of membrane

fouling was iron precipitation. Part of the rationale for this

conclusion was the fact that several months had elapsed between

the removal of the membrane elements from the system and the

performance of the membrane autopsies, and it was interpreted that

apparent biofouling was likely the result of microbiological growth

in that intervening time interval. The lack of a firm basis for this

conclusion led to the decision to perform the additional testing

described above to either confirm this interpretation or find out

whether microbial fouling was the major contributing factor to the

continuing problems with the reverse osmosis system performance.

To investigate this issue further, water samples were taken at

various points of the water treatment plant (Figure 1) for

quantification of microbial contamination and characterization of

any observed cells. As described in the Results section, a substantial

increase in microbial contamination was found in the effluent of the

5-lm prefilter compared with the influent, and at least four different

genera of bacteria compose this contamination. As such, it appears

that the prefilter acted to concentrate these cells and also possibly

facilitate their growth, such that breakthrough was evident. These

genera of bacteria, both Gram-negative and Gram-positive, could

then be passed to the reverse osmosis membranes, leading to

biofouling and reduced efficiency of reverse osmosis treatment. In

particular, it is interesting to note that the visual examination of

reverse osmosis elements found the presence of orange-colored

fouling that was determined to be organic in nature using FTIR

analysis. Given that Microbacterium, as isolated on nutrient plates,

were orange in color, and this genera has been discovered in a wide

range of environments, including wetlands, soils, and activated

sludge, can grow on a variety of carbon sources, and produce

organic acids (Collins and Bradbury, 1992; Park et al., 2006), it is

likely that these cells are at least partly responsible for the microbial

fouling found on the reverse osmosis elements.

It is particularly interesting that, in an investigation of a full-scale

reverse osmosis membrane unit, Chen et al. (2004) characterized

a diverse microbial community on the surface of the reverse

osmosis membranes, of which, a significant fraction (16% of all

isolates) was found to be a Microbacterium sp. This microorganism

was further found to readily form biofilms (Pang et al., 2005),

suggesting that it may play a significant role in reverse osmosis

membrane biofouling. It is interesting to note that a similar strain

was isolated here, raising the questions of how significant a role

these particular cells may have in fouling reverse osmosis systems

and if maintenance strategies should target how best to prevent the

infiltration of such cells into reverse osmosis systems, prevent

growth within reverse osmosis systems, and/or effectively remove

from reverse osmosis membranes.

As part of the additional analyses to determine what was causing

system deterioration, two elements were sent to Avista Technolo-

gies for further analyses in 2006. Although the casings, seals, glue

lines, spacers, and antitelescoping devices were all in good

condition, with no evidence of leakage, the exposed membrane

and vexar surfaces for the leading element sent for analysis were

visibly coated with a light orange foulant. Further analyses using

loss-on-ignition to determine the organic content of the foulant

indicated that .80% was lost, indicating a very high organic

content. Finally, FTIR analyses on this sample found a significant

amount of protein and carbohydrates, indicated microbial fouling.

Such fouling has been known to be possible for some time,

particularly for systems used in wastewater treatment (Ridgeway

et al., 1983), and a great deal of attention has been focused on

laboratory analyses of biofilm development on reverse osmosis

membranes (Hersberg and Elimelech, 2007; Jarusutthirak and Amy,

2006; Pang et al., 2005). Less information is readily available on

microbial fouling of full-scale reverse osmosis systems used for

potable water production, but, from the current analyses, it appears

that it can be problematic for such uses, as oligotrophic microbial

growth may occur in the system.

Given the demonstration of microbial fouling of the reverse

osmosis system, a decision on control of this fouling must be made

to optimize the use of these systems for delivery of potable water.

One possibility would be to replace the prefilters on a more regular

basis, thereby limiting pass-through of microorganisms to the

reverse osmosis system. Although such a solution is theoretically

possible (there is a practical limitation because of the expense of

frequent replacement of the prefilter cartridges), we observed

significant microbial contamination in the prefilter effluent very

soon after changing prefilter cartridges on September 4, 2007. As

such, it appears that biofilm formation on the prefilter housing and/

or piping was occurring, and such growth was at least partially

responsible for microbial contamination. To investigate this further,

it was decided to both change cartridges and disinfect the prefilter

unit with H2SO4 on September 13, 2007. Strong oxidants, such

as chlorine, were not used, as they can damage the polyamide

membrane elements (Da Silva et al., 2006; Kwon and Leckie,

2006a, 2006b). As shown in Figure 2, microbial contamination

dropped significantly in the prefilter effluent immediately after

disinfection. It is interesting to note, however, that microorganisms

recolonized the prefilter system, as evidenced by the increase of

microorganisms in the prefilter effluent, although it required 3

weeks to achieve numbers of similar magnitude to those observed

before disinfection. Subsequent introduction of cells, either from the
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water from the greensand filter and/or sloughing of biofilms in

upstream piping areas not disinfected with H2SO4, likely occurred,

with resulting growth in the prefilter system.

Conclusion
Given these findings and considering that autopsies performed

on membrane elements indicated that only the leading element in

the first stage exhibited significant biofouling, such microbial foul-

ing may be easily managed through regular disinfection of the com-

plete prefilter and reverse osmosis units. As a diagnostic tool for

determining when such tasks should be performed, it is recom-

mended that simple microbial growth assays be performed on the

prefilter effluent to the reverse osmosis system, in conjunction with

standard measurements of headloss. Such data can help determine

not only when prefilters should be replaced, but also the frequency

of disinfection of the prefilter unit, and thus reduce the number of

times more extensive maintenance procedures must be performed

on the reverse osmosis system.
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